Abstract
demonstrate that the system successfully generated the desired refabrication sequences and
Introduction

27
In theory, most common construction components can be decomposed to a combination of offer faster production, lower cost, and more efficient assembly of elements [3] . For example, 39 it has been reported that replacing in-situ concrete casting panels with prefabricated elements 40 has resulted in a 70% reduction in construction time and a 43% reduction in labour cost [4] . 41 Moreover, the use of precast concrete elements leads to a cleaner and safer construction 42 environment [4] [5] .
43
Despite these benefits, off-site construction methods are estimated to comprise only around 10% 44 of the construction market of UK [6] . There are numerous technical, financial and regulatory 45 barriers that contribute to such a slow adoption of prefabrication [7] . While the relative 46 share, but also it will boost productivity levels. It was reported that approximately 40% of 71 construction projects experience more than 10% change [10] . It was also estimated that 72 productivity will drop below the estimated level for projects with more than 20% change, and 73 conversely productivity will increase when change is effectively dealt with and kept below 5% 74 [10] . Based on the statistical productivity estimation in the previous study, development of a 75 solution with the capability of automated refabrication can increase the productivity as changes can significantly contribute to the development of sustainable construction which attempts to 82 reuse the components and other resources needed for construction [11] .
83
This study presents a new concept and demonstrates the idea to increase the flexibility of 84 prefabrication through the early development of a refabrication system using robotics. A
85
Robotic Prefabrication System (RPS) that employs a new concept "refabrication" is presented 86 here. The RPS consists of a software module and a hardware module which are detailed in 87 Section 3.
88
The rest of this paper is organized as follows. Section 2 reviews current state-of-practice 89 and state-of-research into robot-aided construction. The proposed system and its modules are 
Related work
94
It is often argued that the construction industry has the features of a loosely coupled system 95 which favours productivity in projects while innovation suffers [12] . A number of researchers 96 have also argued that the construction industry has failed to adopt techniques that have 97 improved performance in other industries such as just-in-time [13] and 'industrialization' of 98 manufacturing processes [14] . In this regard, the construction industry particularly in the 99 prefabrication sector needs to revolutionize by embracing such advanced automation 100 techniques and systems. This section presents related studies and attempts that has been made 101 so far regarding robotic based automation in the construction industry to identify the needs and 102 gaps in knowledge in the current prefabrication domain. 
Robot-aided automated construction in the building industry
104
Over the past few decades, automation systems using robot technologies has been less 105 favourably developed and applied in the construction and building industry compared to the 106 industrial and the manufacturing industry because of the dynamic and uncertain environments 107 of the industry [8, 15] . In an attempt to automate repetitive construction processes and increase 108 the productivity in construction, several robotic systems such as slab finishing robot system 109 and concrete formwork cleaning robot system, were developed in the 1980s [16] [17] .
110
Skibnieswski also conducted the feasibility study on selected construction industry processes 111 in order to examine the possibility of using robots in the future construction industry [16] .
112
During the 1990s, Japanese companies and universities led the R&D activities in the field of 113 robot-aided automated construction and the focus was the development of new robotic systems 114 and the automation of existing machinery [9] . These robots developed for house buildings tried 115 to automate certain construction processes such as layering bricks, constructing building walls 116 and facades [18] [19] [20] [21] . However, the 'bubble economy' crisis in Japan had reduced investment in 117 the research area, and only few construction robots had succeeded in the market. As the result 118 of the risk of high initial cost and the unsatisfactory return on investment, construction industry 119 had continued to be conservative in "tomorrow's construction robots" [8] .
120
Regarding the recent development of construction robots for buildings, there are some 121 commercial systems available in the market such as SAM [22] robotic system operating on a small-scale structure to provide the first stepping stone for future 218 researchers working towards the final goal: refabrication of arbitrary full-scaled structures.
219
Refabrication is an extension of the general assembly planning problem, which includes 220 many sub-problems such as connector design and manipulation, feeder and tool selection, impractical to undo after the assembly operation is completed (e.g. cemented bricks). 
Top level 238
The RPS is designed with the capability of automatically building a 3D structure given its Since the task of the hardware module is common to many existing assembly systems in 274 industry, different types of systems were investigated to pick out one as a suitable template.
275
However, due to the limited variety of components available for construction of the hardware 276 system as well as the large number of motors required, it became clear that assembly design 277 typically employed in industry was impractical to pursue in this study. Therefore, a basic 278 hardware module was designed specifically for this study to fulfil our objectives. shows the hardware module designed in this study. The hardware module comprises four sub- The use of standardized components to construct the entire hardware module can act as 300 supporting evidence for the philosophy advocated in this study that many structures can be 
319
Let <C> be an array containing individual components found in the input 3D model and <G> 320 be an array representing the geometric data of the components: The role of the model comparator is to take in geometric data of two different 3D models, 336 identify all individual parts which the two models do not share in common, and return the 
Assembly sequencer 384
The assembly sequencer can execute two functions, "Assemble" and "Refabricate". If the 385 system is executing the "Assemble" function, the assembly sequencer takes in the geometric 386 data of the components previously extracted from the 3D model, and returns the appropriate 387 sequence of assemblage. Since it is already assumed that all raw material blocks are cuboids, 388 an effective stack-assembly sequencing algorithm is as follows: If the system is executing the "Refabricate" function, the purpose of the assembly 412 sequencer is to take in the geometric data of not-in-common parts for all three alignment 413 scenarios outlined above, evaluate which alignment is the most optimal, then return the 414 appropriate "refabrication sequence". Here, the most optimal alignment is defined here as the 415 
alignment which results in the minimum number of (dis)assembly operations required to
445
The algorithm implemented is outlined below: 
5:
if GjBottomLine == GiTopLine then An illustrative example of a transformation from the DBG matrix shown in Figure 5 to a 507 new truncated DBG matrix is provided in Figure 6 . Using this algorithm on the example in Figure 5 , a request to remove P3 will return the 556 disassembly tree in the form of an array {P1, P2+4, P3}.
557
Now the optimal disassembly sequence can be calculated for any chosen subassembly and 558 the three arrays returned by the 'Model Comparator' sub-module can finally be evaluated. A 559 function 'GetDisassemblyForest()' was generated to compute the optimal alignment and return 560 the optimal disassembly sequence, which is outlined below: 
600
The original model with all the not-in-common subassemblies removed can now be compared Finally, the "disassembly forest" and "reassembly forest" obtained above are concatenated 619 to produce the desired refabrication sequence at the output. 
Hardware controllers 621
The purpose of the hardware controller is to take in assembly/refabrication sequences and 622 generate a set of motor control commands such that the hardware will carry out the appropriate 
649
Regarding the design of forward drive sub-module, the number of wheel types available 650 were limited to two: cylindrical wheels or caterpillar tracks. It is desirable to have as much 651 contact with the ground as possible to spread out the load. Since the forward drive module also 652 has to carry both the lift drive and the gripper module, the caterpillar tracks coupled with one 653 servo motor were thus chosen for our forward drive. Its realization is shown in Figure 7 (b).
654
Given that the purpose of our lift drive is to enable vertical translation of the gripper, and 655 that the only type of actuator available in a Lego Mindstorm kit is servo motors, one needs to 656 design a mechanism which converts rotational motion into a linear motion. There are two main 657 types of design for lift drive: (1) The crank-slider design and (2) The scissors design. In this 658 study, it was found that the maximum vertical translation of the crank-slider design was 659 insufficient by taking into account the height of the 3D structure that needs to be built. For this 660 reason, the scissors design was chosen for our lift drive. The realization of the lift drive design 661 is shown in Figure 7 (c). 
Validation
665
In this section, two tests were designed and conducted to demonstrate the feasibility of the 666 proposed RPS. In the tests, the hardware and software were connected wirelessly using
667
Bluetooth to make the RPS automated. The test models created were an N-by-N stack of single 
699
Two key algorithms within the software module were developed in this study for 700 implementing the RPS. An algorithm was developed to automatically compare the old and new
701
3D models and identify all components which the two models do not have in common. Upon 702 testing, this algorithm identified the correct differences between two non-trivial 3D models. In 703 addition, an algorithm was developed to automatically compute the optimal refabrication 704 sequence that would transform one model into another when given the differences between the 705 two design models. This desired function was broken down into two sub-functions. First, the 706 number of (dis)assembly operations required for the removal of any one single subassembly 707 must be calculated. In order to achieve this, the algorithm incorporated a stripped-down version 708 of the NDBG technique. Second, the smallest number of (dis)assembly operations required for 709 the removal of all not-in-common subassemblies must be calculated. This was achieved by 710 comparing three different alignment scenarios for the two models, calculating the total number 711 of (dis)assembly operations required in each scenario, and finally picking the scenario with the 712 smallest number of operations required. Upon testing, this algorithm also calculated the correct 713 (dis)assembly sequence for the two 3D models mentioned with two notable successes: (1) The 714 connectors between Lego blocks were assumed to be permanent connectors, and the system 715 successfully recognized that connected blocks must therefore be treated as a single entity 716 during the disassembly process; (2) The system also recognized that certain components which 717 are common to both models must still be removed if such components are blocking the 718 disassembly path of not-in-common components.
719
A hardware system was developed to demonstrate the working of the developed algorithms 720 in real-time. This system performs all assembly operations with successful placement precision 721 although some disassembly operations needed manual intervention due to insufficient 722 maximum lift height. The scope of this study was, however, restricted to the refabrication of 723 assemblies which employ only stacking operations (1D) and subassemblies of cuboid shapes.
724
The results from this study could therefore be scaled-up and applied to a more realistic problem 
